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Pipeline for analyzing each pool

Sequencing data (50 bp se)

Aligned with bowtie

Removed PCR duplicates

signal file 
bedtools

peak files 
(MACS/HOMER)

75% aligned

55% removed

uniquely mapped regions

Peak calling might change based on simulations 2
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pools 1 and 2 are more 
consistent
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Comparison of peaks (HOMER vs MACS)

>90% peaks overlap in pools 1 and 2. 
67% of peaks overlap in pool 3. 

14648/19643 peaks overlap between shared peaks.

Comparison of peaks (new vs old) 

10696/20572 HOMER peaks overlap with old peaks. 
8683/19643 MACS peaks overlap with old peaks.
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HOMER peaksMACS peaks

Mean size close to 900-1200 bp width. 
HOMER peaks are larger on average (1 peak of 30 kb width)
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Overlap of shared peaks with histone marks

H3K27ac

H3K4me1

H3K4me2

H3K4me3

H3K36me3

H3K9me3

H3K27me3

0 20 40 60 80

New versus old

10.3% (21.4%) of peaks outside these histone peaks
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Comparison of Signals
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Effect of PCR duplicates on signal
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Effect of PCR duplicates on signal
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Implementation based on insert position

11



Future Work

Most of the work is related to the simulation method. 
This can probably help decide threshold (5% FDR currently) for peak calling. 

Postprocessing Analysis: 
TF binding peaks on enhancers/promoters to better define enhancer elements. 
TF motifs on enhancers/promoters. 
Does this assay work better with certain kinds of promoters/enhancers?
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Predicting Enhances using Signal Processing
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Epigenetic signatures associated with active enhancers

Development of massively parallel 
assays for enhancer activity have 
identified the epigenetic signatures 
associated with active enhancers. 

The trough in the histone modification 
peaks are due to open chromatin.

Shyueva, Stampfel, and Stark, Nat. Rev. Genet., 2014
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Match filter can be used to identify 
the occurrence of the chromatin 
pattern in the genome.
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The occurrence of the pattern is very accurate for predicting 
potential enhancers in the genome.



Genome positives comparison across marks/cell-lines

Seq

Filter
1964 on 

promoters

Need to show these 
promoters are active

H3K27ac Matched Filter

Most of the matched filter positives are positive on multiple histone marks. 
H3K9ac and H3K4me3 - most different (promoters).

1885 (1490) of STARR-seq peaks are 
positive in at least two (all three) filters

1054
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Genome positives comparison across marks/cell-lines

Seq

Filter
1964 on 

promoters

Need to show these 
promoters are active

H3K27ac Matched Filter MF comparison

Most of the matched filter positives are positive on multiple histone marks. 
H3K9ac and H3K4me3 - most different (promoters).

1885 (1490) of STARR-seq peaks are 
positive in at least two (all three) filters

1054
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Stability of marks across cell lines

Histone Mark 
(double peak)

AUC (ROC)
S2 cell-line

AUC (ROC)
BG3 cell line

H3K27ac 0.88 0.97

H3K4me1 0.85 0.87

H3K4me2 0.85 0.86

H3K4me3 0.71 0.76

H3K9ac 0.88 0.75

Currently, extending the matched filter approach to mammalian enhancer 
predictions.



Moving on to mammals
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FIREWACh assay

- Enhancer candidates chosen based on open 
DNA in cell-line (murine ESC). 

- Integrated into virus particles close to a 
minimal promoter and GFP. 

- Integrated into genome randomly with 1 
clone per cell (H1-hESC). 

- One potential enhancer of length 100-300 bp 
per cell. 

- FACS to sort cells expressing GFP. 
- Small population of cells show positive 

enhancer activity. 
- Amplified positive enhancer sequences with 

PCR using primers recognizing the flanking 
sequences. 

- Tested enhancer activity using traditional 
assays. 
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further demonstrating the utility of FIREWACh to identify essen-
tial components of transcriptional networks.

RESULTS
Lentiviral reporter library preparation with ESC NFR DNAs
We have previously shown that incubating permeabilized nuclei 
with restriction enzymes results in the selective digestion and 
release of DNA from NFRs and the diffusion of these molecules 
out of the nucleus into the surrounding buffer7,8. The resulting 
DNA population is enriched for regulatory regions in the virtual 
absence of background DNA, making it feasible to use reporter-
based functional assays to interrogate the DNA population for 
elements capable of activating transcription (Fig. 1).

We used murine ESCs, as they have been the subject of a 
multitude of genome-wide chromatin immunoprecipitation 
(ChIP)10–13 and DNase studies, and, accordingly, these anno-
tated chromatin features provide a valuable platform for the 
evaluation of putative CRMs identified using FIREWACh. ESC 
nuclei were exposed to either HaeIII or RsaI restriction enzymes, 
and the two separate NFR DNA populations were isolated. The 
HaeIII- or RsaI-generated NFR DNAs were amplified using 
ligation-mediated PCR and an oligonucleotide primer comple-
mentary flanking adaptor DNA (Supplementary Table 1), and 
inserted within the lentiviral (LV) reporter plasmid FpG5 to 
create two distinct NFR-GFP-LV libraries. FpG5 is a derivative 
of the self-inactivating FUW lentivirus14 and contains a clon-
ing site for insertion of the NFR DNAs immediately upstream 
of a minimal promoter and GFP-coding sequences, as well as 

a hygromycin-resistance gene for selection of stably transduced 
cells (Fig. 1). A positive-control construct, FGF4enhLV, was cre-
ated by insertion of Fgf4 enhancer DNA sequences, which are 
specifically active in ESCs15 upstream of the minimal promoter 
within FpG5. Illumina sequencing revealed a total of 84,240 ele-
ments in the two NFR DNA libraries that were found to be, on 
average, 154 bp in length and to align with unique positions in 
the mouse reference genome (Supplementary Table 2). These 
loci strongly correlated with annotated DNase I–accessible loci 
in ESCs (area under the curve of the receiver operating charac-
teristic (AUROC) = 0.86; Fig. 2a and Supplementary Fig. 1) and 
comprised approximately 4% of the total DNA within accessible 
chromatin of ESCs (Supplementary Note). In contrast, random 
DNA fragments with a similar size distribution generated by  
in silico digestion of the mouse genome showed only weak correspond-
ence with DNase I–accessible regions, as expected (AUROC = 0.52;  
Fig. 2a and Supplementary Fig. 1). Together these results con-
firm that DNAs within the NFR-GFP-LV libraries derive from 
accessible chromatin regions in ESCs.

Separate analysis of the HaeIII and RsaI NFR DNAs showed 
that both NFR populations showed comparable alignment with 
DNase I–accessible sites but that the genomic regions targeted by 
each enzyme were largely distinct and nonoverlapping (Fig. 2b).  
Indeed, HaeIII was more likely than RsaI to target promoter- 
proximal regions (i.e., near a transcription start site, or TSS) (Fig. 2c),  
likely owing to differences in recognition sequence GC content. 

Input-library NFR DNAs:

FIREWACh elements:

Active NFR DNAs recovered
from GFP+ sorted cells

Unscreened NFR DNAs
NFR

5  LTR GFP

Transduction
of ESCs with
NFR-GFP-LV

libraries

FACS purification
of GFP+ cells

NFR-GFP-LV
libraries

Ub HygroR 3  LTR

Figure 1 | Overview of FIREWACh. Lentiviral (LV) reporter plasmids contain 
a cloning site for NFR DNAs (NFR) upstream of minimal Fgf4 promoter 
sequences (yellow) and the transcription start site (arrow), ubiquitin 
promoter (Ub) and hygromycin-resistance gene (HygroR). Small colored 
circles represent LV particles; large circles represent GFP+ (green) or  
GFP− (white) transduced cells.
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Figure 2 | NFR-derived DNAs correspond to accessible chromatin 
regions located throughout the genome. (a) Carpet plots depicting 
the correspondence of in silico–generated genomic DNA fragments 
(n = 61,844) or input-library NFR DNAs (n = 84,241) with DNase I 
hypersensitive sites (HSs) in ESC chromatin9. The DNAs in each data  
set were ranked according to the expression of their associated gene(s)  
in ESCs (color bars indicate expression level). The presence of a DNase 
I HS (black) was assessed for a region corresponding to the genomic 
interval 1 kb of the center (green vertical lines) of the DNA fragments 
within input-library NFR– or in silico–generated random DNA fragments. 
(b) Venn diagram examining the relatedness of genomic regions present in 
the HaeIII- and RsaI-generated NFR DNA libraries. The total number  
of elements in each library is indicated at the top of each circle.  
(c) Genomic distribution of HaeIII- or RsaI-generated input-library  
NFR DNA populations relative to annotated TSSs (black arrows).

Pro:
Chromatin context.

Con:
100-300 bp length.
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Metaprofiles from FIREWACh
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Heterogeneity in the metaprofiles close to regulatory regions - Anshul’s paper.
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The metaprofile can be used to identify enhancers from 
random regions in the genome.

Performance of H3K27ac metaprofile

Match Filter Score
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Accuracy of Predictions

Histone Mark (double peak) AUC (ROC)
mESC cell-line

H3K27ac 0.91

H3K4me1 0.70!!

H3K4me3 0.87

H3K9ac 0.88

H3K36me3 0.67
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